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@ Method and reaction apparatus for effecting controlled chemical reactions. 



@ A method and apparatus for effecting accelerated chemi- 
cal reactions at elevated temperatures and pressures including 
wet oxidation of materials in waste streams. An influent waste 
stream or first reactant is directed through a long tubular coil 
(18, 120. 140, 190) within a containment vessel (20, 144. 196) 
with a second reactant being added to the influent. The flow 
rates for the gas and liquid components of the waste stream are 
set to cause plug or slug flow of the waste stream through the 
tubular coil. The curvature of the coil tends to induce a 
secondary flow in the liquid such that the liquid tends to travel in 
a spiral thereby providing more intimate mixing with the 
gaseous phase. The containment vessel may be partitioned to 
form a series of successive compartments to permit different 
temperature gradients to be applied to successive sections of 
the tubing coil across its length. Alternatively, a tube-in-tube 
construction for the tubular coil (56. 58; 174, 176) permits 
counter current heat exchange between the waste stream 
within the inner lube and the returning stream within the outer 
tube. Multiple injection (88. 90; 182, 184) and extraction points 
(92, 94; 178. 180) are provided along the path of the tubular coil 
to permit gas, liquid or solid reactants to be added or extracted 
as desired. The tubular coil provides an excellent environmental 
container for the reaction stream and is extremely suitable for 
temperature control to permit continuous heat input, autogenic 



operation and continuous heat extraction. A tubular reaction 
coil (124) having a plurality of generally elliptical loops is also 
provided with each loop (126) having a substantially vertical 
upcomer portion (126) and a substantially vertical downcomer 
portion (128). In one embodiment, the elliptical tubular reaction 
coil is a concentric assembly having an inner passage and an 
outer annulus. The preferred method includes flowing a liquid 
reactant stream into the elliptical reaction coil along with a gas 
reactant at an elevated temperature and pressure. The flpw 
pattern of the reactants is regulated to provide slug and pfug 
flow in the substantially vertical portions of the elliptical reaction 
coil loops to produce excellent mixing and mass transfer 
characteristics. In a modification, the reaction coil is provided 
within a containment vessel (10. 144, 196) having a heat 
exchange medium (24. 146). Heat can be supplied to the 
reaction coil or extracted by the heat exchange medium to 
better control the reaction. 
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Description 

METHOD OF AND REACTION APPARATUS FOR EFFECTING CONTROLLED CHEMICAL REACTIONS. 



The present invention relates generally to meth- 
ods of and apparatus for producing chemical 
reactions. More specifically, this invention relates to 5 
such methods and apparatus for carrying out 
controlled chemical reactions including aqueous- 
phase oxidation reactions. 

The chemical composition of a substance is 
subject to change under various conditions. These w 
conditions may include the presence of a specific 
reactant, the concentration of the reactants, the 
temperature and pressure of the reactants and the 
nature of the reaction vessel. By precisely controll- 
ing the environment of a substance, a desired is 
chemical reaction can be brought about at a 
preselected reaction rate to produce a particular 
product. Hence, the development of convenient, 
economical reaction schemes is an important goal of 
chemical processing technology. 20 

Many oxidation reactions are induced in a liquid 
medium. One such reaction is aqueous-phase * 
oxidation, or "wet oxidation". The wet oxidation of 
combustible matter requires a temperature high 
enough to produce ignition, substantial mixing to 25 
promote contacting of the reactants. and sufficient 
time for the wet oxidation reaction to occur. Wet 
oxidation of combustible matter is an exothermic 
reaction by which substantial quantities of heat are 
generated. In some processes, the heat liberated by 30 
the exothermic reaction is used to maintain the 
autogenous ignition temperature of the combustible 
materials. Thus, a wet oxidation process can be 
provided which is self-sustaining. 

Wet oxidation of combustible matter has become 35 
an important reaction in the treatment of municipal 
waste. Various processing systems have been 
devised, most of which have achieved only limited 
success. One exception is the subterranean or 
"down-hole" wet oxidation of municipal sludge. 40 
United States Patent Specification No. 4.272,383 
discloses the principles of the first known success- 
ful vertical-tube, down-hole reaction system for the 
wet oxidation of municipal waste. The waste treat- 
ment apparatus includes a reaction vessel which 45 
comprises an assembly of concentric pipes or tubes 
which extend vertically into the earth to a depth of 
approximately one mile. The assembly of tubes 
forms an influent passage through which diluted 
municipal waste is injected as an influent waste 50 
stream and an effluent passage. The injected waste 
is flowed into the reaction vessel to form a 
hydrostatic column which exerts substantial fluid 
pressure. The temperature of the influent waste 
stream may be increased by heating means as the 55 
stream flows into the reaction vessel. Compressed 
air is injected into the downflowing sludge waste 
stream, preferably forming Taylor-type gas bubbles. 

At a depth of about 304.8 to 1828.8 metres (1.000 
to 6,000 feet), a reaction zone is established at which 60 
the wet oxidation of the waste becomes self-sustain- 
ing, provided of course that the concentration of the 
reactants (combustible matter and oxygen) is suffi- 



ciently large. The temperature in the reaction zone is 
generally about 260 to 31 6" C (500 to 600° F). Boiling 
is inhibited by the fluid pressure exerted by the 
hydrostatic column. A heat-exchange jacket may be 
provided to remove or supply heat to the reaction 
zone. In the aforementioned U.S. patent, the tem- 
perature of the reaction is controlled by a heat 
exchanger jacket which surrounds the inner concen- 
tric pipes wherein heated oil or other heat exchange 
fluid is pumped into the jacket to control the 
temperature of the reaction zone. The process is 
usually continuous such that the municipal waste 
and the reaction products are always moving 
through the reaction vessel. Hence, the flow rate of 
the liquid waste must be controlled along with the 
concentration of the reactants to provide, for 
substantially complete oxidation of combustible 
materials in the reaction zone. The reaction products 
then move through the effluent passage which is 
generally an annulus formed by the concentric 
tubes. As will be appreciated more fully hereinafter, 
it is the flow pattern of the reactants through the 
reaction vessel which determines in large part the 
degree of success of the waste processing system. 

Known above-ground systems for wet oxidation of 
municipal waste have attained only limited success. 
Hence, for the most part they have not replaced 
waste processing methods such as sedimentation, 
dewatering, drying, incineration and the like. Con- 
ventional above ground systems are inefficient 
because of their large energy requirements, their 
inability to rapidly process waste and due to their 
incomplete oxidation of waste materials. Moreover, 
known above-ground systems are expensive to 
build, operate and maintain. See, for example. United 
States Patent Specifications Nos. 2,665 249 and 
2,932,613. 

The suitability of any continuous wet oxidation 
reaction apparatus or method for carrying out a 
continuous wet oxidation reaction of the type 
described is determined in part by the flow regime or 
flow pattern which it provides, including the 
residence times for both vapour and liquid portions, 
and the stability of the flow velocity. It would 
therefore be desirable to provide a method and 
apparatus in which a wet oxidation or similar reaction 
can be effected and which provides substantial 
mixing of the reactants to facilitate mass transfer. It 
would also be desirable to provide a method and 
apparatus for wet oxidation in which the relative 
residence times for both liquid and vapour portioris 
supplement the reaction process. It would further be 
desirable to provide a method ancj apparatus for wet 
oxidation which produces a stable flow rate of 
reactants and products. The present invention seeks 
to provide a method and apparatus which achieves 
these and other goals. 

The treatment apparatus of this invention seeks to 
provide a method and apparatus for effecting 
chemical reactions characterized by minimum initial 
capital costs, a relatively high overall thermodynamic 
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efficiency, excellent containment and durability, and 
an overall simplicity of construction and operation 
with a minimum space requirement. Moreover, the 
present invention is intended to provide a novel 
ground surface method and apparatus for enhancing 
chemical reactions at high temperatures and press- 
ures without the necessity of the customary large 
pressure vessels that require constant mechanical 
stirring and considerable land surface area. Further, 
th|e present invention attempts to solve a number of 
environmental, excessive energy, and maintenance 
problems presently associated with handling waste 
above ground. 

The reaction system of the present invention for 
effecting accelerated chemical reactions includes as 
its basic component a long tubular coil. An influent 
waste stream or other first reactant is directed 
through the tubular coil with a second reactant being 
added to the influent waste stream. The reaction 
system may be used for wet oxidation of a waste 
influent consisting of dilute organic waste with air or 
pure oxygen being injected into the waste stream. 

According to the present invention then, a method 
of effecting a chemical reaction comprises the steps 
of flowing a reaction mixture into the bore of a long 
tubular reactor having a plurality of generally ellipti- 
cal portions, each having a substantially vertical 
upcomer portion and a substantially vertical down- 
comer portion; inducing a chemical reaction of the 
reaction mixture in the tubular reactor to produce at 
least one reaction product; and flowing the reaction 
product out of the tubular reactor. 

Also according to the present invention, a reac- 
tion apparatus in which high temperature, high 
pressure chemical reactions are carried out com- 
prises a long tubular coif having a bore extending 
therethrough and including a plurality of generally 
elliptical loops, each of said elliptical loops having a 
substantially vertical upcomer portion and a sub- 
stantially vertical downcomer portion. 

Furthermore according to the present invention, a 
reaction apparatus in which high temperature, high 
pressure chemical reactions are carried out com- 
prises a long tubular reactor having a bore there- 
through, the tubular reactor being in the form of a 
continuous elliptical serpentine tube having a plu- 
rality of substantially vertical portions, defining 
upcomer and downcomer portions, and intercon- 
necting portions. 

Moreover, the present invention provides a 
method of effecting chemical reactions in a long 
thin-walled tubular coil arranged generally around a 
horizontal axis, said coil having generally upwardly 
and downwardly extending portions and generally 
horizontal intermediate portions, and the coil being 
contained in a fluid heat transfer medium, which 
method comprises the steps of flowing a liquid 
influent stream having a first reactant into the coil 
under a predetermined pressure; flowing a gaseous 
influent having a second reactant into the coil under 
a predetermined pressure; controlling the feed and 
flow rates and relative volumes of the liquid and 
gaseous influents at said predetermined pressures 
to produce two-phase plug and slug flow of the 
gaseous and liquid influents through the coil. 



including plug flow gaseous bubbles flowing up- 
wardly through the liquid at a first velocity in the 
upwardly extending coil portions, plug flow gaseous 
bubbles flowing downwardly through the liquid at a 

5 second slower velocity in the downwardly extending 
coil portions and disrupting the plug flow gaseous 
bubbles in the intermediate generally horizontal 
portions, providing intimate mixing of the gaseous 
and liquid phases of said reactants; and heating the 

10 heat transfer medium to initiate the chemical 
reaction of the reactants in the liquid and gaseous 
influents. 

The invention also provides apparatus for effect- 
ing chemical reactions which comprises a contain- 

15 ment vessel; a long thin-walled tubular coil in the 
containment vessel for flowing an influent fluid 
stream through the coil within the containment 
vessel at a selected flow rate to cause plug or slug 
flow of the influent fluid stream through the coil; 

20 means for controlling the temperature of the fluid 
stream within the tubular coil to add heat when the 
temperature of the fluid stream is below a predeter- 
mined temperature or remove heat when the 
temperature of the fluid stream is above a predeter- 

25 mined temperature, to cause a chemical reaction 
within the fluid stream resulting in heated fluid and 
reaction products; and means for receiving the 
heated fluid and reaction product effluent from the 
tubular coil. 

30 ^ In one embodiment, the tubular coil is positioned 
in a containment vessel which is partitioned to form a 
series of successive compartments which are filled 
with a -heat exchange fluid. The fluid in each 
compartment can be adjusted to different levels 

35 relative to the tubular coil which is submerged within 
the fluid. Further, the heat exchange fluid can be 
heated to a start-up temperature which will permit a 
chemical reaction to occur in the waste stream 
within the tubular coil. Alternatively, heat may be 

40 extracted from the heat exchange fluid after the 
reaction within the tubular coil becomes autogenic. 

When processing dilute organic waste, for 
example, in the reaction system of the present 
invention, the influent liquid waste stream is pumped 

45 to the tubular coil at a pressure of approximately 
70.3 to 140.6 Kg/sq cm (1000 to 2000 psi) with a gas 
such as air or oxygen being added thereto. The gas 
and liquid flow rates are set to cause plug or slug 
flow of the two-phase waste stream through the 

50 tubular coil, thereby resulting in intimate mixing of 
the reactants. The reactants are heated within the 
coil to a temperature resulting in oxidation of the 
waste stream which is generally between 149° C and 
31 6° C (300" F and 600** F). Thus, the reaction within 

55 the coil occurs under the combined conditions of 
high pressure, high temperature and two-phase plug 
flow in the waste stream. The reaction system of this 
invention is, however, particularly suitable for de- 
struction of toxic and industrial wastes, such as 

60 chlorinated hydrocarbons, cyanides, organic and 
inorganic phenols, polyaromatic compounds, etc. It 
will be understood, however, that the reaction 
system of this invention may also be used to treat 
various chemical or solids suspended in a liquid 

65 where chemical oxidation reduction is not the 
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principal object. The preferred temperature and 
pressure will, therefore, depend upon the intended 
reaction. 

This system provides the advantage of a thin- 
walled reaction container, i.e,, the tubular coil, which, 
because of its coiled length, provides the necessary 
residence time for the reactants in the reaction zone 
to permit the desired amount of oxidation. The high 
temperature and high pressure conditions required 
for the reaction are contained within the thin walled 
tubing, which is unexpected since reactions of this 
type have normally been conducted within thick wall 
pressure vessels. As described more fully below, the 
diameter of the tube in a typical installation may be 
about two inches having a wall thickness of about 
one-quarter inch, wherein the reaction proceeds at a 
temperature of about 31 6° C (600** F) at a pressure of 
about 140.6 Kg/sq.cm (2000 psi) and a flow rate of 
about 152.4 cms (five feet) per second. This feature 
substantially lowers capital costs for the equipment 
and the system may be made portable. 

Further, the plug or slug flow of the reactants 
through the tubular coil provides Improved chemical 
reactant mixing because the curvature of the coil 
tends to induce a secondary flow in the liquid such 
that the liquid tends to travel in a spiral on the Inside 
surfaces of the coils thereby providing more intimate 
mixing with the gaseous phase. The curvature of the 
spiral tube induces secondary flow in the fluid in the 
form of a double spiral and the gas phase flows 
toward the "top" of the coil, wherein the gas slugs or 
plugs are drawn through the bottom of the coil, 
providing intimate and thorough mixing. Moreover, 
since the reaction container provided by the tubular 
coil is many times smaller in diameter as compared 
to known reaction vessels operating within the same 
pressure and temperature ranges, the performance 
of the oxidation process is improved since there is 
little possibility for the reactants to bypass the 
oxidation reaction and the improved containment of 
the reactants within the tubular coil minimizes the 
possibility of environmental problems. 

The present invention also permits different 
temperature gradients to be applied to successive 
sections of the tubular coil across its length. In the 
compartmentalized embodiment of the containment 
vessel, the temperature of the heat exchange fluid in 
each compartment can be adjusted to provide a fine 
control of the rate of reaction occurring within each 
section of the tubular coil. Further, if a liquid heat 
exchange fluid is used, the level of the fluid in each 
compartment can be adjusted relative to the sub- 
merged coil which also affects the chemical reaction 
as a result of the gradient of external temperature 
acting upon the coil section in each compartment. 

An alternate tube-in-tube design for the tubular 
coil permits the influent two phase waste stream to 
pass through the inner tube and return within the 
annulus formed between the outer periphery of the 
inner tube and the inner periphery of the outer 
concentric tube. This permits counter current heat 
exchange between the waste stream within the inner 
tube and the returning stream within the outer tube, 
and therefore, the heat exchange fluid within the 
containment vessel may not be necessary. This 



alternative design is especially applicable for pro- 
cessing reactants at or near the autogenic operating 
point where heat input or removal is not required. 
The concentration of the reactants may be preset 
5 such that a certain amount of chemical reaction and 
heat release occurs as the waste stream travels 
within the inner tube. The chemical reaction would 
continue as the reactants return in the annulus 
between the tubes and the heat of reaction would 

10 heat any subsequent incoming waste stream 
through the inner tube. Moreover, the tube-in-tube 
design permits a ramped time temperature reaction 
rate as compared to the more step function type of 
reaction rate provided by the compartmentalized 

15 containment vessel. 

The use of a long tubular coil as a reaction 
container allows the inclusion of multiple reactant 
injection or extraction points along the path of the 
coil. Gas, liquid or solid reactants may be added at 

20 multiple points along the length of the tubular coil 
and gas, liquid or solids may be extracted at various 
points. Multiple injection points permit fresh reac- 
tants to be added when, for example, the tempera- 
ture of the waste stream has been heated by the 

25 reaction. Extraction of gaseous or solid reaction 
products at intermediate points along the length of 
the tubular coil can. for example, allow the reduction 
of the waste stream velocity downstream of the 
extraction point thereby increasing the residence 

30 time of the remaining reactants. 

The tubular coil, which is approximately 1 .609 Kms 
(one mile) in length, provides an excellent environ- 
mental container for the reaction stream under high 
pressure and temperature to prevent its escape to 

35 the atmosphere. Further, the long tubular coil is 
extremely suitable for temperature control to permit 
continuous heat input, autogenic operation, and 
continuous heat extraction. The heat exchange fluid 
surrounding the tubular coll within the containment 

40 vessel may include vapor, liquid or gaseous heat 
exchange fluids. Moreover, the start-up heat that is 
required for providing the reaction temperature can 
be conveniently provided through direct steam 
injection into the tubular coil. The tubular coil and, 

45 more particularly, the tube in tube and the multiple 
injection point design permit autogenic operation 
without the need for heat input or extraction since 
the temperature control may be achieved by varying 
the concentration of the reactants. 

50 In accordance with the present invention, there is 
also provided a reaction apparatus which includes in 
one embodiment a conduit in the shape of a 
serpentine tubular coil having generally "elliptical" or 
"oval" portions or loops, the sides of which are 

55 substantially vertical. The generally elliptical coil or 
serpentine string of the present invention is posi- 
tioned such that the largest portion or diameter is 
vertical. That is, the major axis of the ellipse or 
serpentine string is in the vertical position. The 

60 shape of the reaction coil provides unexpected 
superior mass and heat transfer of reactants, 
reduces surging of the reactants through the 
reaction apparatus, improves mixing and provides 
optimal residence times for liquid and vapor phases 

65 of the reaction mixture and provides other advant- 
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ages which wilt be understood more fully from the 
following description. The reaction system of the 
present invention is particularly suitable for wet 
oxidation of municipal waste which contains com- 
bustible matter, however, the method and apparatus 
of this invention may also be utilized for other 
chemical reactions. 

By making the coii or section 'elliptical', rather 
than circular, the substantially vertical downcomer 
portion of a down-hole, vertical reaction apparatus Is 
more nearly approximated. In the vertical down- 
comer portion, the vapor phase, being the least 
dense component, resists the downward flow of the 
liquid phase, thus providing better mixing and 
contacting of the reactants. This resistance by the 
vapor phase to the downward flow of the liquid also 
increases the . residence time of the vapor phase in 
the downcomer portion. The increased mixing of the 
reactants and the increased residence time of the 
vapor phase in "the "downcomer- portion provide 
greater mass transfer between oxygen and the 
oxidfzafale waste components to provide a more 
efficient wet oxidation reaction. The upwardly ex- 
tending or upcomer portions of the elliptical tubular 
have further benefits. The gaseous phase is rising in 
the upcomer portions at a faster rate than the liquid, 
and the solids are moving the slowest because of 
the Influence of gravity. This results in better mixing 
and heat transfer, wherein the suspended solids 
"pulse'' in the upcomer portions, under the influence 
of the bubbles of gas. 

The sections of tubular through which the flow of 
the reactants is generally horizontal, that is, at the 
top and bottom bends of the 'loops', are reduced. It 
is believed that the flow pattern of reactants through 
these generally horizontal sections lowers the 
efficiency of the system by causing greater stratifica- 
tion of liquid and vapor phases which reduces mass 
transfer rates and, which contributes to surging of 
the reactants through the system. Thus, the present 
invention further provides unexpected improve- 
ments in mass transfer characteristics of the system 
and inflow stability. As used herein, 'elliptica!' refers 
the shape of the tubular reactor, whether or not the 
"ellipsoid" is closed or open. That is, the tubular 
reaction vessel includes generally vertically extend- 
ing side portions, which define the upcomer and 
downcomer portions, and generally horizontal por- 
tions. The tubular may then be serpentine in form, or 
coil. 

The conduit which forms the generally eilipticai 
coil serpentine tubular of the present invention may 
include a single tube or. alternatively, comprise a 
generally concentric assembly of tubes defining a 
central bore or influent passage and a surrounding 
annulus or effluent passage. Generally concentric 
tubes have a further advantage in that the wall 
thickness of the inner tube may be relatively thin 
because of the small differential in pressure between 
the tubes, improving heat transfer. The "coil- 
strength" of the apparatus at the tube bends or 
curves increases its ability to withstand internal 
pressures produced during waste processing which 
may exceed 140.6 Kgs/sq.cm (2000 psi). Also, the 
curved sections of the reaction apparatus induce a 



secondary flow in the reactants which Is believed to 
be in the form of a "double spiral". This secondary 
flow provides additional mixing of the reactants and 
thus further accelerates the wet oxidation reaction. 

5 As stated, the substantially vertical sections of the 
apparatus define influent downcomer portions and 
influent upcomer portions. Slug flow and plug flow 
patterns, which are desired in tube reactions, are 
attained in these vertical influent portions to a 

10 greater degree than in a circular coil apparatus. 

This preferred embodiment of the present inven- 
tion also may include a containment vessi in the 
nature of a heat-exchanger which partially or wholly 
encloses the elliptical coil reaction apparatus of the 

15 present invention. This containment vessel may also 
be partitioned into a series of chambers in which one 
or more loops of the reaction apparatus reside. The 
containment vessel may be supplied with a heat-ex- 
change medium such as oil or water to conduct heat 

20 to or away from the contained sections reaction coil 
or a furnace may be used. Heat can be supplied to 
the reaction coil with the heat exchange medium 
during start-up and then extracted from the reaction 
coil once a self-sustaining, exothermic reaction is 

25 achieved. 

In connection with the elliptical reaction coil or 
serpentine tubular of the present Invention, a 
method Is provided wherein a liquid which contains 
combustible material such as municipal waste is 

30 flowed through the elliptical coil or serpentine 
tubular reaction apparatus of this invention as an 
influent waste stream. A source of available oxygen 
such as air, an oxygen-enriched gas or pure oxygen 
fs added to the waste. The temperature and 

35 pressure of the oxygenated liquid waste are elevated 
to produce a self- sustaining exothermic wet 
oxidation reaction inside the reaction apparatus. The 
reaction products are flowed out of the reaction 
apparatus as an effluent waste stream. The wet 

40 oxidation reaction is optimized by creating both slug 
and plug flow in the vertical upcomer and down- 
comer portions and secondary flow of the reactants 
in the curved portions of the coil. The residence time 
of the vapor phase is increased in the substantially 

45 vertical downcomer portions of the coil reaction 
apparatus. Surging of the reactants through the 
system is minimized by reducing the generally 
horizontal portions of the coil assembly as well as by 
providing the substantially vertical upcomer and 

50, downcomer portions. The turn- down ratio is also 
substantially increased whereby both lower through- 
put and higher throughput can be achieved than in a 
circular coil reaction apparatus. 

The preferred "elliptical serpentine" embodiment 

55 of this invention may be enclosed in a furnace or 
cracking unit, wherein the elliptical serpentine 
tubular extends around the furnace enclosure and is 
heated by a radiant heater, for example. The heating 
unit may include a preheat, such as a coiled portion 

60 in the chimney, and the fuel for the heater may be a 
gas, such as methane, generated by the waste in a 
separate reaction. 

The concentrations of combustible matter and 
oxygen and the amount of heat added or withdrawn 

65 from the system can be controlled to regulate the 
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overall waste reaction, including regulating the time 
required to completely oxidize the waste and 
controlling reaction temperatures at various points 
along the length of the reaction coil. In the 
concentric tube assembly of the present invention, 
the reaction can be controlled such that the reactipn 
continues in the effluent passage or annulus which Is 
in heat exchange relationship with the influent 
passage to further heat the influent waste stream. 

The invention will now be further described by way 
of example with reference to the accompanying 
drawings, in which: 

Figure 1 is a schematic illustration of the 
reaction system of the present invention includ- 
ing a compartmentalized containment vessel; 

Figure 2 is a schematic illustration of the 
reaction system including a tube-in-tube design 
for the tubular coil: 

Figure 3 is a partial perspective view of the 
tube-in-tube configuration for the tubular coil; 

Figure 4 Is a schematic illustration" of the 
reaction system wherein the heat exchange 
fluid is contained under pressure inside the 
containment vessel; 

Figure 5 is a schematic illustration of the 
reaction system including a pressure control to 
establish the pressure of the vapour space 
above the heat exchange fluid within the 
containment vessel; 

Figure 6 is a schematic illustration of the 
addition of a condenser or interchanger to 
permit an interchange of temperature between 
the effluent stream and the influent stream; 

Figure 7 is a schematic illustration of the 
reaction system including multiple reactant 
injection or extraction points along the path of 
the tubular coil; 

Figure 8 is a schematic illustration of the 
reaction coil of the present invention; 

Figure 9 is a schematic illustration of a single, 
vertical coil of the present invention; 

Figure 10 Is a schematic illustration of the 
reaction system of the present invention which 
includes a compartmentalized containment 
vessel: 

Figure 11 is a partial perspective view of the 
concentric tube assembly embodiment of the 
present Invention; 

Figure 12 is a side-elevational view of the 
terminal end of the concentric tube assembly 
embodiment of the present invention in cross- 
section; 

Figure 13 is a schematic illustration of the 
reaction system of the present invention having 
a concentric tube assembly; 

Figure 14 is a schematic illustration of the 
reaction system of the present invention 
wherein multiple sites are provided along the 
length of the reaction coll for the introduction or 
extraction of reactants and products ; 

Figure 15 is a schematic side illustration of 
the elliptical serpentine embodiment of this 
invention; 

Figure 16 is a schematic side elevation of a 
reaction system utilizing the elliptical serpentine 



configuration of the reaction vessel; and 

Figure 17 is a top elevation of the reaction 
system shown in Figure 16. 
A schematic illustration of the above ground 
5 reaction system 10 of the present invention is shown 
in Figure 1 . An influent waste stream or first reactant 
is directed through conduit 12, heat interchanger 14, 
and conduit 16 to a long tubular coil 18 within 
containment vessel 20. A second reactant may be 

10 added to the influent waste stream through conduit 
22. If it is desired to use reaction system 10 for wet 
oxidation of a waste influent consisting of dilute 
organic waste, air or pure oxygen would typically be 
injected into the waste stream through conduit 22. 

15 As shown in Figure 1, containment vessel 20 is 
partitioned to form a series of successive compart- 
ments which are substantially filled with a heat 
exchange fluid 24. Fluid 24 is pumped from reservoir 
26 through conduit 28 into the individual compart- 

20 ments of vessel 20. By closing valve 30 in conduit 28 
and opening valves 32 and 34. fluid 24 is directed 
through conduit 36 to a heat exchanger 38 where it is 
heated to a start-up temperature which wilt permit a 
reaction to occur in the waste stream within tubular 

25 coil 18. The heated fluid 24 leaves heat exchanger 38 
through conduit 40 and is returned to vessel 20 
through conduit 28. Alternatively, it may be necess- 
ary to extract heat from fluid 24 after the reaction 
within tubular coil 18 becomes autogenic. If so. fluid 

30 24 may be circulated through heat exchanger 
inserted into conduit 44 for cooling it to the desired 
temperature. 

The level of fluid 24 within each compartment of 
vessel 20 may be selectively controlled by operating 

35 any one of the valves 42 to permit the draining of fluid 
24 through conduit 44 to reservoir 26. Further, if fluid 
24 reaches a boiling temperature, pressurized 
vapour may be released through any one of the 
pressure relief lines 46 or the vapour may be 

40 circulated to a condenser for return to the system.- 
While the heat exchange fluid 24 disclosed in 
Figure 1 is a liquid, a gaseous or vapor heat 
exchange fluid may also be utilized. If a gaseous heat 
exchange fluid is used, a fan or blower would be 

45 connected to the system at the location of reservoir 
26. 

After the waste stream has been reacted within 
tubular coil 18, it passes through conduit 48 to 
separator 50 where the vapour effluent exits through 

50 conduit 52 and the liquid effluent exits through 
conduit 54 to interhchanger 14. As the liquid effluent 
passes through exchanger 14, its temperature is 
used to heat or cool the waste stream influent also 
passing therethrough. 

55 When processing dilute organic waste in reactjpn 
system 10, the influent liquid waste stream is 
pumped to tubular coil 18 at a pressure of 
approximately 84.37 to 140,6 Kg/sq.cm (1200 to 2000 
psi) with a gas such as air or oxygen being added 

60 through conduit 22. The gas and liquid flow rates are 
set to cause plug or slug flow of the two-phase 
waste stream through tubular coil 18, thereby 
resulting in intimate mixing of the reactants. The 
reactants are heated within coil 18 to a temperature 

65 resulting in oxidation of the waste stream which is 
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generally between 149"C and 316"C (GOCF and 
600" F). Thus, the reaction within coil 18 occurs 
under the combined conditions of high pressure, 
high temperature, and two-phase plug flow in the 
waste stream. 

This system provides the advantage of a thin 
walled reaction container, i.e., the tubing coil 18, 
which, because of its coiled length, provides the 
necessary residence time for the reactants in the 
reaction zone to permit the desired amount of 
oxidation. The high temperature and high pressure 
conditions required for the reaction are contained 
within the thin walled tubing, which Is unexpected 
since reactions of this type have nomially been 
conducted within pressure vessels having very thick 
walls. This feature substantially lowers capital costs 
for the equipment. Further, the plug or slug flow of 
the reactants through the tubing coil or reaction 
container 18 provides improved chemical reactant 
mixing because the curvature of the coil tends to 
induce a secondary flow in the liquid such that the 
liquid tends to travel in a spiral on the inside surfaces 
of the coils thereby providing more intimate mixing 
with the gaseous phase. Moreover, since the 
reaction container provided by tubing coil 18 is many 
times smaller in diameter as compared to known 
reaction vessels operating within the same pressure 
and temperature ranges, the performance of the 
oxidation process is improved since there is little 
possibility of the reactants to bypass the oxidation 
reaction. 

As will be understood from the fluid dynamics of 
the disclosed reaction system, the concurrent flow 
of liquid, gas and solids at velocity sufficient to 
assure slug or plug flow will provide intimate mixing 
of the constituents, which is important in chemical 
reactions such as wet oxidation. At low to r" ".derate 
velocities, bubble flow is succeeded by churn flow. 
At higher mass flows, the flows become slug and 
plug flow, respectively. In the most preferred method 
and apparatus of this invention, the fluid and 
suspended solids are separated by separate and 
distinct plugs of gas which induces back mixing and 
provides more intimate, pulsing contact between the 
liquid and gaseous phases. Further, plug flow occurs 
at a greater velocity. A bend or curvature in the tube 
acts to separate the phases. A bend can cause a 
coalescence of bubbles to form plugs and can 
separate entrained droplets in annular flow. The 
curvature of the coil in the preferred embodiment 
also induces secondary flow in the fluid in the form of 
a double spiral. As described, the liquid is entrained 
in the flow on the inside surface. The preferred 
horizontal coil in plug flow thus provides thorough 
and intimate contact between the liquid and gas 
phases while permitting relatively high velocities. 

As described, the reaction coil is preferably 
thinwalled. In the pressurized above-ground reac- 
tion vessels disclosed in the prior art. the press- 
urized vessel has a wall thickness of about 15.25 
cms (six inches) to withstand the reaction pressure 
and the changes in the pressure in the vessel. The 
diameter of the reaction vessel may be 1.83 to 3.05 
metres (six to ten feet) in diameter to make a 
batch-type reaction commerically feasible. By way of 



example, the tubular coil reaction vessel of this 
invention may have a diameter of about two inches, 
accommodating a flow of 30.5 to 244 cms (one to 
eight feet) per second at a pressure of about 2000 
5 pounds per square inch at 288" C (550" F). It will be 
understood that the inside tube diameter may be 
2,54 cms (one inch) or less and range to about 15,25 
cms (six inches) while maintaining the preferred plug 
or slug flow. In a typical reaction, the gas phase is 

10 about 300/0 by volume, the reaction temperature is 
about 260 to 316° C (500 to 600" F) and the pressure 
is about 140.6 Kg/sq.cm (2000 psi). Seamless nickel 
or titanium alloy steels are preferred for the tubing. 
For example, a nickel alloy seamless tube having an 

15 outside diameter of 6.03 cms (2.375 inches) has an 
inside diameter of 4.57 cms {1.8 inches) or a wall 
thickness of 0.729 cms (0.287 inches). A plug flow 
will be maintained in this tube at the specified 
temperatures and pressures at a flow rate of 

20 between 45,72 and 244 cms (1.5 and 8 feet) per 
second. 

Referring again to Figure 1, the present invention 
permits different temperature gradients to be ap- 
plied to successive sections, of tubing coil 18 across 

25 its length. Since containment vessel 20 is compart- 
mentalized, the temperature of the heat exchange 
fluid 24 In each compartment can be ad|ustQd 
upwardly or downwardly as desired. This permits a 
fine control of the rate of reaction occurring within 

30 each section of tubing coi! 18. Further, the fluid 24 in 
each compartment can be adjusted to different 
levels relative to the submerged coil 18 which also 
effects the chemical reaction rate as a result of the 
changes in the gradient of extennal temperature 

35 acting upon the coil section in each compartment. 

Figures 2 and 3 illustrate an alternate tube in tube 
design for the tubing coil 18 consisting of two 
generally concentric tubes 56 and 58. In order to 
permit counter current flow of the waste stream, the 

40 end of the tubes 56 (i.e., the right hand end of the 
tube 56 as viewed in Figure 2) is spaced inwardly 
from the end of tube 58, which is closed. The influent 
two-phase waste stream passes through the inner 
tube 56 and returns within the annulus formed 

45 between the outer periphery of inner tube 56 and the 
inner periphery of outer concentric or surrounding 
tube 58. This permits counter current heat exchange 
between the waste stream within tube 56 and the 
returning stream within tube 58, and therefore, the 

50 heat exchange fluid 24 would be unnecessary. This 
design is especially applicable for processing reac- 
tants at or near autogenic operating point where 
heat input or removal is not required within contain- 
ment vessel 20. For example, the concentration of 

55 the reactants passing through the inner tube 56 may 
be preset such that a predetermined amount of 
chemical reaction and heating from the reaction 
occurs during the time it takes the waste stream to 
reach the end of tube 56. The chemical reaction 

60 would then continue as the reactants return in the 
annulus between tubes 56 and 58, thereby permit- 
ting the heat of reaction in the returning waste 
stream to be transmitted for heating the incoming 
waste stream through tube 56. Further, the tube-in- 

65 tube design permits a ramped time temperature 



reaction rate as compared to the more step function 
type of reaction rate provided by the compartmen- 
talized containment vessel, which was described in 
connection with Figure 1. 

Referring now to Figure 4. the containment vessel 
20 is again illustrated with tubing coil 18 therein. Coil 
18 is immersed in heat exchange fluid 24 as before, 
but fluid 24 is contained under pressure inside 
vessel 20, To start the process in operation, a pump 
60 delivers fluid 24 through conduit 62 to heater 64 
which is then returned through conduit 66 in a 
heated state to containment vessel 20. Alternatively, 
a heating coil 68 or jacket or direct steam injection 
can be used to raise the temperature of fluid 24. 
After the reaction system is running autogenically by 
virtue of the heat produced within tubing coil 18 from 
the reactants, it is not necessary to use either heater 
64 or heater coil 68. In fact, it may be necessary to 
remove heat from fluid 24 by closing valves 70 and 75 
and opening valves 72 and 73 and pumping fluid 24 
through a cooler 74 and returning the cooled fluid 
back to vessel 20. 

In Figure 5, a pressure control valve 76 is used to 
establish the pressure of the vapor space 78 above 
fluid 24 in containment vessel 20. The heat of 
reaction of the reactants in tubing coil 18 will 
produce boiling In fluid 24 adding to the pressure of 
the vapor held above it in space 78. When the 
pressure is excessive, valve 76 will release excess 
vapor through conduit 80 to condenser 82 and 
condensed fluid will return through conduit 84 to 
vessel 20. 

Figure 6 shows the reaction system 10 having the 
addition of condenser or interchanger 86 such that 
there is an interchange of temperature between the 
effluent stream and influent stream through conduits 

48 and 16, respectively. This permits the use of a 
smaller vapor treatment system since the amount of 
water vapor in the vapor effluent stream is reduced. 
Also, since the temperature of the liquid in conduit 

49 is reduced, it will substantially reduce the size and 
cost of separator 50. valve 87 and heat exchanqer 
14. ^ 

As shown in Figure 7. the use of a long tubular coil 
18 as a reaction container allows the inclusion of 
multiple reactant injection or extraction points along 
the path of the tubular coil. Gas, liquid, or solid 
reactants may be added at multiple points along the 
length of the tubular coil 18 such as at Injection 
points 38 and 90. Moreover, gas. liquid or solids may 
be extracted at various points such as 92 and 94. 
Multiple injection points permit fresh reactants to be 
added when, for example, the temperature of the 
waste stream has been heated by the reaction, 
thereby improving the overall reaction performance 
and capacity. Extraction of gaseous or solid reaction 
products at intermediate points along the length of 
the tubular coil will, for example, allow the reduction 
of the waste stream velocity downstream of the 
extraction point, thereby increasing the residence 
time of the remaining reactants. 

The tubular coil 18. which is approximately 
1.609Kms {one mile) in length, provides ah excellent 
container for the reaction stream under high press- 
ure and temperature to prevent its escape to the 
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atmosphere. Further, the long tubular coil is ex- 
tremely suitable for temperature control, as de- 
scribed, to permit continuous heat input, autogenic 
operation, and continuous heat extraction. The heat 
5 exchange fluid surrounding the tubular coil 18 within 
containment vessel 20 may include vapor, liquid or 
gaseous heat exchange fluids. Moreover, the start- 
up heat required for providing the reaction tempera- 
ture can be conveniently provided through direct 
10 steam injection into tubular coil 18. Steam injection 
may be done before the entrance of the reactants 
into tubing coil 18. The tubular coil 18, and more 
particularly, the tube in tube design of Figures 2-3, or 
the multiple injection/extraction design of Figure 7. 
15 permits autogenic operation without the need for 
heat input or extraction since the temperature 
control may be achieved by varying the concentra- 
tion of the reactants. 

Referring now to Figure 11 of the drawings, in 

20 another embodiment of the present invention, 
"elliptical" reaction apparatus 120 of the present 
invention is shown schematically and includes 
conduit 122 which forms a series of generally 
elliptical sections or loops 124 one of which is 

25 illustrated individually in Figure 12. Each loop 124 is 
provided with substantially vertical upcomer portion 
126 and corresponding substantially vertical down- 
comer portion 128. Although the configuration of 
each loop 124 can be generally thought of as an 

30 ellipse or pseudoeilipse. it is preferred that portions 
126 and 128 be substantially vertical to provide the 
desired flow pattern and residence times of the 
present invention. The elliptical nature of each loop 
124 further minimizes horizontal flow of the reac- 

35 tants by minimizing the length of curved portions 
130, only two of which are referenced in Figure 9 for 
simplicity. As will become more apparent during the 
description of the method of the present Invention, 
substantially vertical upcomer portion 126. down- 

40 comer portion 128 and curved portions 130 of 
reactor coil 120 provide enhanced mixing of the 
reactants. Curved portions 130 also increase the 
structural integrity of reaction coil 120 by virtue of 
the bend-strength of a loop. 

45 Conduit 122 is preferably a tube having an inner 
diameter of from about 0.9525 to 15.25 cms (0.375 in. 
to about 6.0 in) preferably about 0.9525 to 5.08 cms 
(0.375 to 2 inches). The improved reaction efficiency 
of the present invention allows a greater volume of 

50 waste to be processed in a smaller space. It may be 
desirable in some applications to use a conduit 122 
having an internal diameter outside this preferred 
range. The walls of conduit 122 are thinner than 
conventional tube-like reaction apparatus by virtue 

55 of the increased strength provided by forming 
conduit 122 into a coil. Conduit 122 may have walls 
which are from about 0.0762 to about 0.635 cms 
(0.03 in. to about 0.25 in.) thick depending on the 
precise nature of the reaction to be carried out, the 

60 volume of conduit 122, and the strength of the 
materials of which conduit 122 is constructed. 
Suitable material from which conduit 122 may be 
formed include stainless steel and certain titanium 
alloys. Other suitable materials will he known to 

65 those skilled in the art. Seamless nickel or titanium 
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alloy steels are especially useful due to their 
excellent corrosion resistance. 

It is important that reaction coil 120 be oriented 
such that the major diameter or major axis of the 
ellipse is substantially vertical. The height of each 
loop 124. shown in Figure 12 as dimension 'H' is 
preferably from about 152.5 cms to about 610 cms 
(about 5 feet to about 20 feet), and most preferably 
185 cms to 305 cms (6 to 10 feet). Experimental 
evidence indicates that vertical sections of less than 
122 cms (four feet) have little beneficial effect. 
Upcomer portion 126 and downcomer portion 128 
each comprise about 75 percent or more of the total 
height of each loop 124. This is necessary to attain 
the beneficial flow pattern, residence times and 
surge control of the present invention and to prevent 
downcomer portion 128 from becoming dry. Curved 
portions 130 should be short enough to eliminate 
substantial horizontal flow without providing a sharp 
bend which-would- substantially constrict -flow or 
cause a blockage. Hence the length of each curved 
portion 130 indicated as dimension "L" in Figure 12, 
should preferably be less than about two feet. Other 
dimensions may be suitable if the principles of the 
present invention are faithfully observed. 

The length of conduit 122 is, again, dictated by the 
type of reaction which is carried out and by reaction 
parameters such as heat and reaction time. For the 
processing of municipal waste in a wet oxidation 
reaction, conduit 122 has a length of preferably from 
about 305 metres to 1830 metres (1 .000 feet to 6.000 
feet). This ensures that a large volume of sludge can 
be substantially fully oxidized in coil 122 at an 
acceptable mixed flow velocity. The number of loops 
124 which make up reaction coil 120 is dictated by 
the previously described dimensions of loops 124 
and the length of conduit 122. While reaction coil 120 
is intended to be an above-ground reaction appara- 
tus and, as such, is a relatively portable device, it 
may be advantageous to place reaction coil 120 
beneath the ground, preserving of course, the 
vertical orientation of loops 124. 

Referring now to Figure 8 of the drawings, the 
reaction system 132 of the present invention is 
shown in which a pressurized influent waste stream 
of, for example, diluted municipal waste is injected 
into channel 134, and flowed through heating means 
136 which may be, for example, a gas or electric 
heater. The influent waste stream is heated to a 
temperature of about 149°C (300** F) which substan- 
tially increases its rate of reaction with oxygen 
during wet oxidation. As the heated waste stream 
leaves heating means 136, it is directed through 
channel 138 to reaction coil 140 which, as explained, 
is a vertical, generally elliptical-shaped structure. It 
may be desirable to insulate channel 138 to conserve 
thermal energy. 

As the heated liquid waste stream flows through 
channel 138, a source of available oxygen is supplied 
via gas supply line 142. Oxygen is the second 
reactant in the wet oxidation system, the combus- 
tible portions of the liquid waste stream comprising 
the first reactant. The supply of oxygen is generally 
rate controlling and thus the reaction can be 
regulated by increasing or decreasing the amount of 



oxygen introduced into the waste stream. Air, pur 
oxygen or an oxygen-enriched gas are all suitable 
sources of available oxygen. It may be preferred in 
some applications to inject oxygen into the liquid 
5 • waste at a site other than through supply line 142 or 
at multiple injection sites. 

As shown in Figure 13, reaction coil 140 is 
positioned within containment vessel 144 which is 
illustrated as having a plurality of separate chambers 

10 each containing a single loop of reaction coil 140. 
Other arrangements may be suitable in which mor 
than one loop is held within each compartment. In 
one particular alternative arrangement (not shown), 
the upcomer portions of reaction coil 140 are placed 

15 in a first set of compartments and the downcomer 
portions are placed in a second set of compart- 
ments. This added control over the reaction may be 
desirable in some instances. 

Containment vessel 144 is provided to allow for 

20 heat exchange- between the liquid stream under- 
going the exothermic wet oxidation reaction and 
heat exchange medium 146 which is pumped into 
containment vessel 144 from reservoir 148 through 
conduit 150. if desired, heat exchange medium 146 

25 can be heated by closing valve 152 and opening 
valves 154 and 156 whereby heat exchange medium 
146 Is directed through conduit 158 to heat ex- 
changer 160 then back into conduit 150 by way of 
conduit 162. Alternatively, it may be necessary or 

30 desirable in some instances to remove heat from 
heat exchange medium 146 which it gains from 
reaction coil 140 during the exothermic wet oxida- 
tion reaction. This can be achieved in several ways in 
the present system including by reversing the flow of 

35 heat exchange medium 146 or by providing a heat 
exchanger (not shown) in cooperation with reservoir 
148. Heat exchange medium can be returned to 
reservoir 148 through conduit 149. 
The quantity or level of heat exchange medium 1 46 

40 in containment vessel 144 can be regulated with 
valves 164 which are adapted in this embodiment to 
provide selective control over the level of heat 
exchange medium 146 in each compartment of 
containment vessel 144. Pressure relief valves 166 

45 are also provided, shown here at the top of 
containment vessel 144. Pressure relief valves 166 
allow vapor to be released which may be produced if 
heat exchange medium 146 boils during operation. 
Heat exchange medium 146 may include a liquid 

50 such as oil or possibly a gaseous medium. In those 
applications where heat exchange medium 146 is a 
gas or vapor, reservoir 148 would comprise a fan or 
blower. 

The diluted waste stream is preferably puniped 
55 into reaction coil 140 at a pressure of preferably 
about 105.5 to 154.7 Kg/sq.cm (1500 to 2200 psi). As 
stated, a source of available oxygen is injected into 
the liquid waste through supply line 142. Pure 
oxygen or an oxygen enriched gas is preferred 
60 although air is suitable for use herein. Increasing the 
concentration of oxygen in the liquid waste str am 
increases the rate of the wet oxidation reaction. As 
the wet oxidation reaction proceeds, the tempera- 
lure of the liquid waste stream rises inside coil 140 to 
65 a temperature of about 260° C to 371 °C (500*' to 
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700'* F). At this temperature, the wet oxidation 
reaction becomes self-sustaining so long as suffi- 
cient combustible matter and oxygen are present, 
with adequate contacting of the two reactants. 
Hence, heat can then be extracted from reaction coil 
140 with heat exchange medium 146. It may be 
desirable to utilize the compartments of contain- 
ment vessel 144 to add heat to the liquid waste as it 
first enters reaction coil 140 and then extract heat 
near the end of reaction coil 140. The concentration 
of combustible wastes, the concentration of oxygen 
added to the liquid waste, the flow pattern and 
velocity of the reactants through reaction coil 140 
and the temperature of the reactants are all 
regulated such that the waste is substantially 
completely reacted by the time it leaves reaction coil 
140. It is also possible to operate the reaction at 
"supercriticar, wherein the temperature is greater 
than 371 °C (700*'F) and the pressure exceeds 225 
Kg/sq.cm (3200 psi). Superciritical reactions may be 
preferred for particular applications of the reaction 
system of this invention, such as the treament of a 
particular Industrial waste. 

After the waste stream has been substantially fully 
reacted within reaction coil 140, the reaction pro- 
ducts are flowed out of reaction coil 140 through 
conduit 168 to separator 170. Here the reaction 
products or waste effluent are separated to produce 
a liquid stream and a low volume sterile ash. The 
liquid stream, which is still at an elevated tempera- 
ture, can be flowed through conduit 172 to heating 
means 136 for use in heating the influent waste. The 
liquid liquid stream may also be used to dilute the 
influent waste. The wet oxidation reaction effluent 
has a substantially reduced oxygen demand. The 
generally elliptical shape of reaction coil 140 as 
previously described in more detail provides import- 
ant advantages in the processing of liquid waste in 
the wet oxidation waste reaction. As air or oxygen is 
injected into the liquid waste through gas supply line 
142, the flow of the liquid waste stream and the 
injected gas are controlled such that slug or plug 
flow is obtained in reaction coil 140 which, as will be 
understood by those skilled in the art, is a function of 
the relative velocities of the vapor phase liquid 
phase. Slug or plug flow is desirable because it 
provides good mixing and thus improved mass 
transfer of the reactants. This is, better contacting 
between oxygen and the combustible material is 
attained. In connection with the present invention, 
this slug or plug flow and the mass transfer which 
such flow enhances, is further accentuated by the 
generally elliptical nature of reaction coil 140. 

Referring now to Figures 11 to 13 as the gas and 
liquid mixture passes through upcomer portion 126, 
its vertical configuration allows for rapid movement 
of the vapor phase through the upcomer portion. At 
curved sections 130, secondary flow is induced in 
the form of a double spiral resulting from the 
movement of the mixture on the curved reaction coil 
wall. By minimizing the length of the horizontal flow, 
stratification of the phases which otherwise occurs 
is greatly reduced. It is to be understood that as the 
liquid and vapor phases become more stratified in 
reaction coil 140, less mass transfer is achieved 



between the reactants. In addition to this improved 
mass transfer between the reactants, the reduction 
of stratification of the phases reduces surging of the 
mixture through reaction coil 140. Most importantly, 
5 the vapor phase, being less dense than the liquid 
phase, "floats" in the liquid phase, thus resisting the 
downward flow of the liquid phase in downcomer 
portion 128. This resistance substantially increases 
the contacting and mixing of the vapor with the 

10 liquid, thus increasing mass transfer and further 
accelerating the oxidation reaction. In addition, the 
vertical configuration of downcomer portion 128 of 
reaction coil 140 results in increased residence time 
for the vapor phase. Since the vapor rises, it remains 

15 in the downcomer portion a greater length of time. 
This results in increased mass transfer and better 
utilization of injected oxygen. Finally, by providing a 
downcomer portion 128 greater than 122 cms (4 
feet) in length the downcomer portion is prevented 

20 from drying out which would otherwise reduce the 
mass transfer area and which may also cause 
unwanted spontaneous combustion. As described 
above, the upcomer portions also provide improved 
mixing and heat transfer. The gaseous phase is 

25 rising in the upcomer portions at a fast rate than the 
liquid. Where the fluid waste stream includes solids, 
the suspended solids are moving in the upcomer 
portions at a slower rate because of the influence of 
gravity. Thus, three separate flow rates are intro- 

30 duced, resulting in better mixing and heat transfer. 
Further, depending upon the composition of the 
reactants, the suspended solids "pulse" in the 
upcomer portions under the influence of the bubbles 
of gas. This has been found particularly true in the 

35 treatment of municipal sludge, wherein the fluid 
stream comprises diluted municipal sludge and 
oxygen or an oxygen enriched gas. 

Referring now to Figure 14 of the drawings, the 
alternative arrangement of a concentric tube reac- 

40 tion coil is illustrated in which reaction coil 140 
includes an inner tube 174 concentrically disposed 
within an outer tube 176. As indicated by arrows, the 
influent waste flows into the bore of inner tube 174 
and the wet oxidation reaction products or waste 

45 effluent pass through the annulus created by outer 
tube 176 in a direction opposite that of the influent 
flow. Thus, in this arrangement, it is seen that the 
effluent stream is in a heat exchange relationship 
with the influent stream. The amount of heat 

50 transferred depends upon the thermal conductivity 
of the material which is used to form inner tube 174, 
In Figure 15, the end of reaction coil 140 is shown in 
cross-section where the arrows indicate the flow of 
the reaction products as they exit inner tube 174 and 

55 enter the annulus defined by outer tube 176. i 
In Figure 9, the waste reaction system of the 
present invention, including the concentric tube 
assembly illustrated in Figures 14 and 15, is shown 
schematically. Again the diluted liquid waste is 

60 flowed through channel 134 into heating means 136 
where the temperature of the liquid waste is elevated 
to accelerate the wet oxidation reaction. As the 
heated liquid waste flows through channel 138, 
oxygen or another oxygen-containing gas is injected 

65 into the liquid waste through gas supply line 142 at a 
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rate which will enhance mass transfer within reaction 
coil 140 as explained. The oxygenated waste is then 
flowed into reaction oil 140 which, as stated, in this 
embodiment of the invention comprises a concen- 
tric, or tube-within-a-tube assembly. Here, reaction 
coti 140 is shown diagrammaticaily only to illustrate 
the relative directions of the flow of the influent 
wastes and the substantially reacted effluent. In 
actuality, reaction coil 140 has the same elliptical 
cqnfiguration as shown in Figures 11 to 13. The wet 
oxidation reaction effluent is then flowed out of 
reaction coil 140 through conduit 168. The effluent is 
again flowed into a separator 170 for clarification, 
thickening, dewatering and the like. 

Referring now to Figure 9 of the drawings, the 
waste reaction system of the present invention is 
shown in a modification which includes multiple 
reactant injection or extraction points along the path 
of reaction coil 140. Gas, liquid or solid reactants 
may be added at these multiple injection points 178 
and 180 to more precisely control the wet oxidation 
reaction. Extraction points 182 and 184 allow 
materials to be removed from reaction coil 140 if 
desired. These multiple injection points permit fresh 
reactants to be added to better utilize the heat 
provided by the self-sustaining exothermic wet 
oxidation reaction. That is, unheated waste can bo 
added directly to reaction coll 140 at points where 
the reaction temperature is high. It should be 
pointed out that heat which is extracted from 
reaction coil 140 by heat exchange medium 146 can 
also be used to heat the influent waste in this 
embodiment. Extraction of reaction products at 
extraction sites 182 and 184 allow the waste stream 
velocity to be reduced downstream of the extraction 
sites, thereby increasing the residence time of the 
remaining reactants. 

Figure 10 illustrates a preferred "elliptical serpen- 
tine" embodiment of the reaction apparatus of this 
invention. The reaction apparatus 190 includes 
substantial vertical upcomer and downcomer tubular 
portions 192 and interconnecting generally horizon- 
tal tubular portions 194. The elliptical serpentine 
embodiment 190 is particularly suitable for reaction 
systems enclosed in a furnace enclosure or cracking 
unit, as shown in Figures 16 and 17. 

The cracking unit shown somewhat schematically 
in Figures 16 and 17 includes a furnace enclosure 
1 96 having a chimney 1 98. The enclosure 1 96 may be 
formed from conventional furnace materials, such as 
steel reinforced furnace brick. The disclosed em- 
bodiment of the reaction system includes a preheat 
portion in the chimney 198, in the form of a circular 
coil 200. The fluid vvaste, which may be in the form of 
a solid suspension in a liquid, enters through inlet 
202. As described, the method of this invention 
generally includes two reactants, such as diluted 
municipal sludge and oxygen, although the method 
and apparatus of this invention may also be utilized 
to treat a single 'reactant'. As described above, the 
gaseous reactant. such as oxygen or an oxygen in 
which gas may be added to the fluid waste at the 
inlet 202. or added in the reaction stream. 

As will be understood from the description 
hereinbelow. the heated air in the furnace 196 
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escapes through chimney 198, preheating the 
reactants in the coil 200. The preheated reactants 
are then delivered through tube 204 to the elliptical 
serpentine reactor portion 190 at the lower portion 
of the furnace 196. As shown, the serpentine tubular 
extends twice around the furnace enclosure and the 
vertically extending portions 192 are staggered 
horizontally, as shown rn Figure 16, so that both 
portions are exposed to the radiant heater shown 
schematically at 206. The radiant heater 206 may be 
a conventional burner, such as a methane burner. 
The methane may be generated by treating the 
effluent in a aerobic polishing unit. The treated waste 
material is then removed from the reaction appara- 
tus through outlet 208. As will be understood, the 
preferred temperature to which the reactants are 
heated within the tubular system will depend upon 
the reaction. As described above, the waste is 
preferably heated to a temperature of about 204 to 
316°G (400 to 600° F). The dimensions of the 
elliptical serpentine tubular 190 may be the same 
coiled embodiment described hereinabove. That is, 
the vertical portions may be 152.4 to 1 22 cms (5 to 20 
feet), or preferably about 183 to 304.8 cms (6 to 10 
feet), wherein the horizontal portions 194 may be 
less than 60.86 cms (2 feet). As will be understood, 
the length of the reaction vessel, including vortical 
upcomer and downcomer portions and the generally 
horizontally Interconnecting end portions, will de- 
pend upon the reaction carried out in the reaction 
apparatus. In most applications, the reaction appara- 
tus would be at least 1000 feet long. In the treatment 
of municipal sludge, however, the reaction appara- 
tus should be at (east 1219 to 1524 metres (4000 to 
5000 feet) in length. 



Claims 



1 - A method of effecting chemical reactions in 
a long thin-walled tubular coil arranged gener- 
ally around a horizontal axis, said coil having 
generally upwardly and downwardly extending 
portions and generally horizontal intermediate 
portions.and the coil being contained in a fluid 
heat transfer medium, which method comprises 
the steps of flowing a liquid influent stream 
having a first reactant into the coil under a 
predetermined pressure; flowing a gaseous 
influent having a second reactant into the coil 
under a predetermined pressure; controlling 
the feed and flow rates and relative volumes of 
the liquid and gaseous influents at said pre- 
determined pressures to produce two-phase 
plug and slug flow of the gaseous and liquid 
influents through the coil, including plug flow 
gaseous bubbles flowing upwardly through the 
liquid at a first velocity in the upwardly extend- 
ing coil portions, plug flow gaseous bubbles 
flowing downwardly through the liquid at a 
second slower velocity in the downwardly 
extending coil portions and disrupting the plug 
flow gaseous bubbles in the intermediate 
generally horizontal portions, providing intimate 
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mixing of the gaseous and liquid phases of said 
reactants; and heating the heat transfer me- 
dium to initiate the chemical reaction of the 
reactants in the liquid and gaseous influents. 

2. A method as claimed in claim 1, wherein 5 
the chemical reaction is exothermic, the 
method including heating the heat transfer 
medium to initiate the exothermic chemical 
reaction of the reactants in the thin-walled 
tubular coil, and removing heat from the heat 1Q 
transfer medium when the reaction becomes * 
autogenic. 

3. A method as claimed in claim 2, wherein 
the reaction products of the exothermic reac- 
tion include a gaseous reaction product, the 15 
method including maintaining the gaseous plug 

flow through the coil, 

4. Apparatus for effecting chemical reactions 
comprising a containment vessel; a long thin- 
waited tubular coil in the containment vessel for 20 
flowing ah iriflueht fluid stream through the coil 
within the containment vessel at a selected flow 

rate to cause plug or slug flow of the influent 
fluid stream through the coil; means for con- 
trolling the temperature of the fluid stream 25 
within the tubular coil to add heat when the 
temperature of the fluid stream is below a 
predetermined temperature or remove heat 
when the temperature of the fluid stream Is ^ 
above a predetermined temperature, to cause a 30 
chemical reaction within the fluid stream result- 
ing in heated fluid and reaction products; and 
means for receiving the heated fluid and 
reaction product effluent from the tubular coil. 

5. Apparatus as claimed in claim 4, including 35 
multiple extraction points along the length of 

the tubular coil for extracting gas or solids from 
the fluid stream at one or more of said 
extraction points. 

6. Apparatus as claimed in claim 4 or 5 40 
wherein the containment vessel includes a 
series of compartments for dividing the tubular 

coil into sections and means for controlling the 
temperature of the fluid stream within each 
section of said coil to permit different tempera- 45 
ture gradients to be applied to successive 
sections of the coil across its length. 

7. Apparatus as claimed in claim 6 wherein 
the tubular coil comprises an inner tube and an 
outer tube, which is concentrically arranged 50 
relative to the inner tube such that said inner 

tube is located inside the outer tube, to allow 
the influent fluid stream to flow through the 
inner tube in a first direction and to return 
stream in a second opposite direction within the 55 
annulus formed between the outer periphery of 
the inner tube and the inner periphery of the 
outer tube, enabling the concentration of the 
fluid stream to be controlled such that an 
exothermic chemical reaction occurs as the 60 
fluid stream flows in the first direction and 
thereafter may continue as the fluid flows in the 
second direction whereby, as the fluid flows in 
the second direction, the heat generated by the 
chemical reaction in the fluid stream is used to 65 



heat the fluid stream flowing in the first 
direction. 

8. A method for effecting a chemical reaction, 
comprising the steps of flowing a reaction 
mixture into the bore of a long tubular reactor 
having a plurality of generally elliptical portions 
each having a substantially vertical upcomer 
portion and a substantially vertical downcomer 
portion; inducing a chemical reaction of the 
reaction mixture in the tubular reactor to 
produce at least one reaction product; and 
flowing the reaction product out of the tubular 
reactor. 

9. A method as claimed in claim 8. further 
including the step of heating the reaction 
mixture with heating means as the reactant is 
flowed into the tubular coil. 

10. A method as claimed in claim 8 or 9, 
wherein the flowing step produces plug flow 
and slug flow of the reaction mixture during the 
step of flowing said reaction mixture into the 
bore of the tubular reactor. 

11. A method as claimed in claim 8, 9 or 10 
wherein the tubular reactor comprises an inner 
tube and an outer tube which are concentrically 
arranged with the inner tube located inside the 
outer tube and wherein the flowing step 
includes the step of flowing the reaction mixture 
through the inner tube in a first direction and 
returning the reaction product in a second 
opposite direction within the annulus formed 
between the outer periphery of the inner tube 
and the inner periphery of the outer tube. 

12. A reaction apparatus in which high tem- 
perature, high pressure chemical reactions are 
carried out, comprising a long tubular coil 
having a bore extending therethrough and 
Including a plurality of generally elliptical loops, 
each of said elliptical loops having a substan- 
tially vertical upcomer portion and a substan- 
tially vertical downcomer portion. 

13. A reaction apparatus as claimed in claim 
12, further including a containment vessel in 
which the tubular coil is at least partially 
disposed, the containment vessel having at 
least one compartment. 

14. A reaction apparatus in which high tem- 
perature, high pressure chemical reactions are 
carried out, comprising a long tubular reactor 
having a bore therethrough, the tubular reactor 
being in the form of a continuous elliptical 
serpentine tube having a plurality of substan- 
tially vertical portions, defining upcomer and 
downcomer portions, and interconnecting por- 
tions. I 

15. A reaction apparatus as claimed in claim 
14. further including a containment vessel in 
which the tubular coil is at least partially 
disposed, the containment vessel having at 
least one compartment. 
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@ An influent waste stream or first reactant is di- 
rected through conduit 12, heat interchanger 14, and 
conduit 16 to a long tubular coil 18 within contain- 
ment vessel 20. A second reactant may be added to 
the influent waste stream through conduit 22. If it is 
desired to use reaction system 10 for wet oxidation 
of a waste influent consisting of dilute organic waste, 
air or pure oxygen would typically be injected into 
the waste stream through conduit 22. 

The containment vessel 20 is partitioned to form 
a series of successive compartments which are sub- 
stantially filled with a heat exchange fluid 24. Fluid 
24 is pumped from reservoir 26 through conduit 28 
into the individual compartments of vessel 20. By 
closing valve 30 in conduit 28 and opening valves 32 
and 34. fluid 24 is directed through conduit 36 to a 
heat exchanger 38 where it is heated to a start-up 
temperature which will permit a reaction to occur in 



the waste stream within tubular coil 18. The heated 
fluid 24 leaves heat exchanger 38 through conduit 
40 and is returned to vessel 20 through conduit 28. 
Alternatively, it may be necessary to extract heat 
from fluid 24 after the reaction within tubular coil 18 
becomes autogenic. If so. fluid 24 may be circulated 
through heat exchanger inserted into conduit 44 for 
cooling it to the desired temperature. - 

The level of fluid 24 within each compartment of 
vessel 20 may be selectively controlled by operating 
any one of the valves 42 to permit the draining of 
fluid 24 through conduit 44 to reservoir 26. Further, if 
fluid 24 reaches a boiling temperature, pressurized 
vapour may be released through any one of the 
pressure relief lines 46 or the vapour may be cir- 
culated to a condenser for return to the system. 

While the heat exchange fluid 24 disclosed in 
Figure 1 is a liquid, a gaseous or vapor heat ex- 
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change fluid may also be utilized. If a gaseous heat 
exchange fluid is used, a fan or blower would be 
connected to the system at the location of reservoir 
26. 

After the waste streann has been reacted within 
tubular coil 18, it passes through conduit 48 to 
separator 50 where the vapour effluent exits through 
conduit 52 and the liquid effluent exits through con- 
dJit 54 to interhchanger 14. As the liquid effluent 
passes through exchanger 14, its temperature is 
used to heat or cool the waste stream influent also 
passing therethrough, ^ 
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